We show that the field polarization of the surface-plasmonresonance enhanced optical field can be controlled to be linear with doubled intensity enhancement by using the polarization-gated excitation scheme with two counter-incident femtosecond laser pulses under the Kretschmann configuration, which is hence used for ultrafast electron acceleration to increase the maximum kinetic energy. The spatiotemporal evolution of the polarization-gated surface-enhanced optical field is studied by means of a simplified analytical model to describe the dynamical processes of electron acceleration, the kinetic energy and emission angular distributions of the accelerated electrons.
Introduction
Ultrashort electron pulse with ultrahigh spatial and temporal resolutions has been extensively studied for its applications in time-resolved electron diffraction [1, 2] and electron microscopy [3, 4] to investigate underlying ultrafast processes in the micro-world. So far, most of the ultrashort energetic electrons are produced by the configuration using a high-voltage DC electric field to accelerate photoelectrons created by intense femtosecond (fs) laser pulses [5, 6] . Benefited from the rapid development of fs laser pulses with ultrahigh intensities, more efforts have been made to the optically based generation and acceleration of ultrafast electrons. It has been demonstrated recently that ultrafast electrons with keV kinetic energy could be excited directly by intense fs laser pulse with surface-plasmon-resonance (SPR) enhanced optical field of spatially high-gradient intensity distribution, which firstly liberates electrons from the metal surface through multi-photon ionization process and then accelerates them to high kinetic energies [7] [8] [9] . This provides a straightforward all-optical process for simultaneously generation and acceleration of ultrafast electron pulses, which represents the potential for the development of compact optical-pump electron-probe systems. However, the intrinsic elliptically polarized feature [10] of the SPR-enhanced optical field dramatically limits the effective field intensity and thus the finial kinetic energies of accelerated electrons.
More recently, it was demonstrated that the polarization of the SPR-enhanced optical field at a certain region close to the metal surface can be controlled to be linear along the normal of the surface by using a polarization-gated excitation scheme [11] . We applied the polarizationgated SPR-enhanced optical field to ultrafast electron acceleration and our numerical results showed that such a polarization-gated SPR-enhanced optical field with a perpendicular linearly polarized mode resulted in an almost doubled maximum kinetic energy as well as a symmetric angular distribution about the favorable forward emission direction as compared with the conventional one-pulse excitation scheme [12] . The purpose of this work is to present the quantitative and general formulation as well as complete elaboration on the polarization control of the SPR-enhanced optical fields and its application in ultrafast electron acceleration by both analytical and simulation procedures.
We focused on the investigation of the detailed spatiotemporal evolution of the polarization-gated SPR-enhanced optical field, proposed a simplified analytical model to describe the dynamical processes of the accelerating electrons and explored the main factors on the kinetic energy and the emission angle during the electron acceleration. The practicability of our simplified analytical model was further proved by the rigorous simulations of finite-difference time-domain (FDTD) method, and the good agreement with the results was found.
Simplified description of the enhanced optical field
As presented in Fig. 1 , the Kretschmann configuration is considered for the coupling of optical field and surface plasmon (SP) waves. Two p-polarized 20 fs laser pulses at 800 nm with equal intensities are steered to excite SP waves close to the surface of a 50 nm silver film deposited on a prism, which launches SPR at an incident angle of 45°. In order to have an intuitive picture of the polarization-gated excitation scheme under the driving of two synchronized fs laser pulses of p-polarization (fs pulses A and B as labeled in Fig. 1 ), we firstly consider the simplified formulae [13] for the SPR-enhanced optical field E SP on the vacuum side of the metal film 
where, E SP,x(y) _A(B) is the x(y) component of the SPR-enhanced optical field excited by the incident laser pulse A (or B), β is the ratio between the amplitudes of the x-and y-components of E SP and determined to be ~0.45 by numerically integrating the Maxwell's equations for the configuration considered in this work, E(x,t) is the envelope function of SPR-enhanced field, k SP is the wave vector of SP wave, L is the length of the metal film, ω 0 and φ 0 are respectively, the carrier frequency and carrier envelope phase of the optical pulse. By assuming that the spatial beam profile of the incident laser is a constant E 0 and the two synchronized pulses arrive at the center of the metal surface where x=0 at the same time t 0 , the envelope function of SPR-enhanced field can be expressed as
Here, τ 0 is the duration of the incident laser pulse. Obviously, it can be derived from Eq. (2) that for the position of x=0, i.e., at the center of the metal surface
Hence, the SPR-enhanced optical field at the central position excited by these two p-polarized laser pulses can be written as:
This indicates an absolutely linear polarization mode rather than the intrinsic elliptical one and which has no x-component of the electric field, i.e., the SPR-enhanced field is perpendicularly linearly polarized. Meanwhile, it can be derived that the maximum enhanced intensity can be almost doubled as compared with one-pulse excitation scheme for the same total incident intensity. Furthermore, for the positions very close to the center, the identical equation E(-x,t)≡E(x,t) can approximately exist owing to the negligible difference between E(-x,0) and E(x,0). So we obtain the enhanced optical field for a small region near the center of the metal surface as: 
According to Eqs. (5), we can clearly see that there is a periodical evolution of the linear polarization direction along the surface with a period of λ SP /2. Here, λ SP =2π/k SP , which is the wavelength of the SP wave. Meanwhile, as a result of the interference of two counterpropagating SP waves, the maximal and minimal amplitudes of x-and y-components of the electric field emerge along the surface with the same period λ SP /2 as illustrated in Fig. 2 . In fact, E(x,t) is determined by the temporal and spatial beam profiles of the incident pulse. Thus, for the polarization-gated scheme, the modes along the surface away from x=0 gradually deviate from linear polarization toward elliptical polarization as shown in Fig. 3(a) . The typical polarization mode of the SPR-enhanced optical field by the conventional one-pulse excitation scheme is shown in Fig. 3(b) . In Fig. 4 , time-dependent enhanced optical fields of three representative positions on the metal surface (x=0 and x=±2λ SP ) are observed in order to have a quick look at the overall distribution of the enhanced optical field, which also provides a clear view on the formation of the polarization-gated SPR-enhanced optical field. Figures 4(1a)-4(1c) demonstrate that the perpendicularly linearly polarized mode originates from the interference of the two precisely synchronized SP waves, which are respectively excited by incident laser pulses A and B. As shown in Fig. 4 (2c) at the position of x=2λ SP , E y is firstly π/2 ahead of E x while finally E y is π/2 behind, which attributes to the earlier arrival of pulse-B than pulse-A. Similarly, as presented in Fig. 4 (3c) at the position of x=-2λ SP , E x is firstly π/2 ahead of E y while finally E y is π/2 ahead since pulse-A arrives earlier than pulse-B. So far, the general features of the polarization-gated SPR-enhanced optical field have been discussed, which response directly to the ponderomotive electron acceleration as will be discussed in what follows. 
Simplified description of the electron acceleration
In this section, we study the dynamics of the pondermotive electron acceleration by the SPRenhanced optical field based on a simplified analytical method. In our calculations, an intensity-dependent three-photon photoemission [14] is considered as an ionization mode to predict the rate at which electrons are generated and the electrons are assumed to have an initial kinetic energy of zero as they are librated from the metal surface. Since it only takes several tens fs for the electrons to fully accelerate to their final kinetic energies within a subwavelength spatial region, as shown in Figs. 5(a) and 5(c), the space charge effect [15] is ignored in our model. In addition, as shown in Fig. 6 , the temporal interval for generation of electrons that can be accelerated is about 1/4 of every optical cycle since the y-component displacements of the electrons excited by the rest of the optical cycle would be negative, which means the electrons return to the metal-vacuum boundary during their subsequent acceleration and hence are not included in our following discussions. Once an electron is emitted from the metal surface, it is accelerated by the high-gradient optical field and its motion is governed by the Lorentz force equation. Here, allowing for the fact that the magnetic field close to the metal surface has little effect on the electron acceleration, a simplified equation dv/dt=-qE/m e is used to approximately describe the electron acceleration, where q/m e is the charge-to-mass ratio and v is the velocity of the electron. By using Eqs. (1), we obtain the numerical results as illustrated in Figs. 5(b) and 5(d), which present the processes of the electron kinetic energy gains in the presence of the ponderomotive potential of the SPR-enhanced optical fields respectively created by one-pulse excitation and polarization-gated excitation schemes. It seems that for both of these two excitation schemes, an electron reaches its stable kinetic energy in a form analogous to damped vibration. Hence, we can make an approximation that the final kinetic energy of an accelerated electron can be estimated by the average of maximum and minimum values of its velocity during the first optical cycle. Meanwhile, Figs. 5(a) and (b) indicate that the electron emission angle θ can be characterized by the expression tanθ=L y /L x , where L x and L y are the xand y-component displacements of an electron, respectively. Due to the fact that in the first optical cycle the displacements of the electron is quite small and the envelope function of SPR-enhanced field can be treated as a constant E 0 , the electric field experienced by the accelerated electrons can be approximately written as:
Here, φ is the phase of E y when the electron is ejected from the metal surface and δφ is the phase difference between E x and E y . In the following, we will investigate the dependences of the kinetic energy and emission angle of an accelerated electron by observing its motion in the first optical cycle accelerating based on the above-mentioned approximation. For the case of one-pulse excitation scheme, δφ=π/2. So we have the electric field experienced by an accelerating electron in the first optical cycle after its ionization as: 
Hence, we can estimate the final kinetic energy and emission angle of the electron respectively by 2 2 max min max min
According to Eqs. (10) and (11), we can derive that the final kinetic energy and emission angle of the accelerated electron only depend on φ since here β is a constant. As a consequence, electrons emitted at different instants of an optical cycle have different final kinetic energies and different emission angles. Furthermore, it can be derived that tanθ<0 as φ∈ [π, 3π/2], which results in an angular distribution ranging from 90° to 180°. All the above derivations are provided to be a reasonable approximation for their quite good agreement with the numerical results shown in Fig. 7 . As presented in Fig. 7 , electrons ejected from the instances with same phase of E y labeled as points 1, 2, 3, and 4 accelerate almost along a certain direction, as illustrated by the corresponding colored trajectory lines 1, 2, 3, and 4, respectively; whereas electrons ejected at the instances with different phases of E y labeled as points 1, 5, 6, 7, and 8 emitted at various directions, as illustrated by the corresponding black trajectory lines 1, 5, 6, 7 and 8, respectively. For the case of polarization-gated excitation scheme, δφ=0 or π. So we obtain the electric field experienced by an accelerating electron in the first optical cycle after its ionization: 
It can be seen from Eqs. (15) and (16) 
Simulation based on the finite-difference time-domain method
In the following simulations, we use FDTD method [16] to explore the full distribution of the SPR-enhanced polarization-gated optical field and thus the kinetic energy and emission angular distributions of the accelerated electrons. The Kretschmann configuration once again is employed for optical field coupling, and the Maxwell equations governing the full evolution and distribution of the enhanced optical field are solved numerically by FDTD method with perfect matching layers. Numerical results show that a peak intensity enhancement factor of 80 (or equivalent 40 relative to the sum incident intensity of the two incident pulses) can be achieved by using the polarization-gated scheme, which is almost doubled as compared with the conventional one-pulse incident case with an enhancement factor of 22 for the case considered here. Numerous test electrons are placed uniformly along the metal film in space and all the temporal contributions for intensities larger than 10% of the pulse peak are included (the electrons excited by the rest fields are negligible for their fairly low energies and observation probabilities) in order to represent all the possible trajectories of the accelerated electrons. A relative weight proportional to I 3 (x,y,t) is assigned to each accelerated electron by considering the electron emission as a third-order multi-photon process [14] , where I(x,y,t) stands for the intensity of the SPR-enhanced optical field. In addition, as mentioned above, the motions of the electrons are governed by Lorentz force equation and neither the secondary electron emission nor space-charge is considered in our calculations. Figure 9 provides information concerning the properties of the SPR-enhanced optical field excited by our polarization-gated scheme. By comparing Fig. 9 with Fig. 2 , it can be seen that there is a quite good agreement between the numerical results respectively based on rigorous FDTD method and the previous simplified analytical formulae. Figure 9 (e) represents electric field components of a point almost at the centre of the metal surface. Obviously, this indicates a perpendicularly linearly polarized mode with maximum y-component and nearly zero xcomponent of the enhanced optical field, which attributes to the precise synchronization of the two counter-propagating pulses at the position as what has been illustrated in Fig. 2(a) . Furthermore, Figs. 9(a) and 9(i) show that electric polarization modes of the positions away from the center tend to depart from linearly polarization to elliptical polarization. This is due to the break of the synchronization between the two incident pulses at those positions since pulse-A arrives earlier than pulse-B at positions where x<0 while pulse-B arrives earlier at those where x>0. In order to have an overall view on the characteristics of electron emission, we also study the kinetic energy spectra, emission angular distribution and angle-resolved kinetic angular distribution. Figure 10 (a) provides us a picture of kinetic energy and angular distributions of the accelerated electrons produced by one-pulse excitation and polarization-gated schemes, respectively. As we have discussed previously that there is a strong association between the final kinetic energy and the emission instance in an optical cycle. Both the kinetic energy distributions of these two excitation schemes have broad spectra and the higher the kinetic energy the lower the emission probability is. The insets in Fig. 10 (a) present the angular distributions by two different excitation schemes, which consist with the results predicted by Eqs. (11) and (16) . It can be seen obviously that the maximum kinetic energy of the accelerated electrons is almost doubled by polarization-gated scheme as compared with onepulse excitation scheme, which agrees well with our simplified analytical model basing on the doubled peak intensity of the SPR-enhanced field of Eqs. (5) . The doubled maximum kinetic energies respectively equal to 1.47 keV for the simplified analytical method and 1.6 keV for the FDTD method, and the slight difference is mainly introduced by the necessary approximation in our simplified analytical model. The sources of the emitted electrons with different kinetic energies can be seen more clearly by taking the angle-resolved kinetic energy distributions as shown in Figs. 10(b) and 10(c), which describe the relationship of emission angle, kinetic energy and emission probability. For one-pulse excitation scheme, as shown in Fig. 10(b) , the number of distinct structures on the angle-resolved kinetic energy distribution roughly reveals the number of optical cycles when electrons are generated; whereas the electrons ejected from different positions at the same instance distribute concentratedly due to the fact that optical fields at the observed region have no obvious difference. However, for polarization-gated excitation scheme, the enhanced optical field is quite different from that excited by one-pulse excitation scheme, which attributes to the interference between the two counter-propagating SP waves. Consequently, the gated optical field with polarization perpendicular to the metal film creates electrons with a large range of kinetic energy distribution and an almost doubled maximum, which shows a normal emission direction. The enhanced optical fields at various positions along the surface with different polarization modes lead to electron emission with relatively low kinetic energies at the corresponding angles. So, as shown in Fig. 10(c) , this results in a symmetric emission angular distribution with a preferred forward emission direction but no distinct structures. Furthermore, by using particular surface morphology of the metal film (for example, by depositing a dielectric layer on the metal surface with a suitably wide opening or coating the prism surface with a quite narrow metal film, where only the perpendicularly linear polarization mode is excited), it is possible to produce an ultrafast electron pulse with a quite narrow emission angular distribution of several degrees in the forward direction, as shown in Fig. 10(d) .
Conclusion
We proposed an electron generation and acceleration scheme based on polarization-gated SPR-enhanced optical field. By using two methods, simplified analytical model and rigorous FDTD solution to Maxwell's equations, we explored the fully spatiotemporal evolution and distribution of the optical field close to the metal surface, and then the detailed dynamics of the electron acceleration, especially the dependences of the final kinetic energy and emission angle of an accelerated electron on the SPR-enhanced optical fields. In comparison with the conventional one-pulse excitation scheme, our numerical results show that the maximum kinetic energy of the accelerated electrons is almost doubled as well as an improved emission angular distribution for our polarization-gated excitation. The polarization-gated scheme provides us an efficient way to control the polarization state of the surface-enhanced optical field, which meanwhile doubles the intensity enhancement. In addition to the ultrafast electron acceleration and XUV frequency comb generation, it can be widely used as a versatile method to investigate many other polarization sensitive processes, such as polarization-dependent nonlinear microscopy, atomic/molecular dynamics under SPR-enhanced field excitation, molecular alignments nearby metal surfaces, and so forth. Promising applications in various fields are thus expected.
